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1.  Introduction 


c.  Identiflcation  and  Significance  uf  the  Problem  or  Opportunity 

Ceramic  materials  are  gaining  impcHtance  in  the  construction  of  high  efficiency  combustion 
engines.  Their  high  tempa'ature  strength  and  conosion  resistance  enable  an  engine  to  operate  at 
higher  temperatures,  thereby  improving  fuel  efficiency.  The  ffiction  properties  and  wear  resistance 
also  must  te  satisfactory  if  ceramic  moving  components  are  to  be  successful.  Unfortunately, 
typical  ffiction  coefficients  in  air  for  silicon  nitride,  silicon  carbide,  alumina,  and  zirconia  are 
relatively  high  (1).  Wear  is  often  appreciable.  This  problem  is  compounded  by  a  lack  of  suitable 
liquid  lubricants  that  are  effective  at  the  temperatures  present  in  new  high  efficiency  engines.  The 
development  of  a  high  temperature  solid  state  lubrication  system  has  the  potential  of  overcoming 
current  limitations  with  the  fficticxi  and  wear  characteristics  of  ceramics,  facilitating  their  use  in 
more  engine  components. 

One  of  the  materials  that  has  repeatedly  been  shown  to  be  an  effective  solid  state  lubricant  is 
graphite.  Cast  iron,  for  example,  can  show  self-lubricating  properties  when  it  contains  a  sufficient 
quantity  of  graphite  in  its  microstructure  (2).  Composites  of  graphite  particulates  and  aluminum- 
silicon  alloys  have  also  shown  admirable  ffiction  and  wear  properties  (3).  Metal-graphite 
composite  materials  are  usually  produced  by  casting.  Often,  peculate  graphite  is  a^ed  re  the 
melt. 

However,  an  analogous  tech.iique  caimot  be  used  for  most  ceramics.  Partially  stabilized  zirconia 
and  silicon  nitride,  two  materials  often  considered  for  high  temperature  engine  applications,  are 
usually  prepared  via  powder  routes.  Any  graphite  added  would  likely  react  with  Ae  matrix 
material  during  sintering,  decreasing  its  lubricatiem  value  and  the  strength  of  the  composite. 

A  refractory  carbide,  such  as  titanium  carbide,  is  viewed  as  an  alternative.  Titanium  carbide  is 
chemically  inert,  oxidation  resistant  to  1 100°C,  and  has  high  hardness.  Furthermore,  it  can  be 
prepared  i^m  the  melt.  The  formation  of  a  graphite-titanium  carbide  composite  is  straightforward. 


Weight  Percent  Carbon 


Rgurc  1 

Titanium-Carbon  Phase  Diagram 
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Figure  1  shows  the  titanium-carbon  phase  diagi^.  Solidified  melts  with  greater  than  48.5  atomic 
percent  of  carbon  are  composite  materials  containing  titanium  c^ide  and  graphite.  By  controlling 
the  thermal  environment  during  solidification,  different  orientations  and  sizes  of  the  graphite 
precipitates  can  be  produced. 

Titanium  carbide  is  a  very  refiractoiy  material  with  a  melting  temperature  of  3067°C.  However, 
pure  titanium  carbide  undergoes  a  ductile  to  brittle  transition  at  SOO^C  (4-6).  For  those  applications 
that  have  operating  temperatures  in  excess  of  SCX/’C,  the  loss  in  hardness  and  stren^  would  be 
detrimental  to  titanium  carbide's  friction  and  wear  properties.  Two  ways  of  increasing  titaniim 
carbide's  high  temperature  hardness  are  the  addition  of  small  amounts  of  boron  and  the  alloying  of 
titanium  carbide  with  vanadium  carbide.  Figure  2  shows  the  effect  of  boron  on  the  critical  resolved 
shear  stress  as  a  function  of  temperature  of  titanium  carbide.  Figure  3  shows  the  effect  of 
vanadium  carbide  additions  on  compressive  yield  strength  of  titanium  carbide  as  a  function  of 
temperature. 


Figure  2 

The  Effect  of  Boron  on  the  CRSS  of  Titanium  Carbide  (7) 


Figure  3 

The  Effect  of  Vanadium  Carbide  on  the 
Compressive  Yield  Strength  of  Titanium  Carbide  (8) 


3 


Titanium  carbide  is  relatively  oxidatiem  resistant  to  1 1.(XfC  due  to  the  fenmation  of  titanium  oxides. 
Tliese  oxides  have  also  been  leparted  to  act  as  a  go^«i  solid  state  lubricant  (9).  A  titanium  carbide- 
graphite  composite  may  therefme  have  good  friction  and  wear  properties  in  both  oxidizing  and 
;  educing  environments. 

In  summary,  titanium  carbide-graphite  based  ctxnposites  are  viewed  as  having  potentially  low 
fiiction  coefficients  and  low  wear  rates  over  a  wide  range  of  temperature  and  atmosphere 
environments. 


2.  Phase  I  Technical  Objectives 

The  objective  of  this  Phase  I  program  was  to  produce  titanium  carbide-graphite  composites  and  do 
a  preliminaiy  evaluation  of  their  ffictiem,  wear,  oxidation,  and  strength  prt^rties.  Specific 
objecrives  v/ere  as  follows: 

1 .  The  fabrication  of  titanium  carbide-graphite  composites. 

2.  The  optietd  ciiaracterizadtxi  of  the  microstructure  of  these  composites. 

3.  The  determination  of  fiiction  coefficients  and  wear  rates  for  these  materials  at  25  and  700X. 

A ,  The  identification  of  the  wear  mechanism  for  titanium  carbide-grrqrhite  emuposites. 

5 .  An  evaluatitm  of  tiie  oxidatirai  resistance  titanium  carbide-graphite  compo.sites  at  700°C. 

6.  The  measurement  of  compressive  strength  of  titanium  carbide-graphite  composites. 


3.  Program  Technical  Results 

Taskl:  Productirai  of  titanium  carbide-graphite  composites. 

Following,  is  a  description  of  the  procedures  used  for  each  of  the  four  compositions. 

PureTiC:  A  conventional  float  ztme  geometry  was  used  for  this  composition.  Stoichiometric  hot 
pressed  rods  of  titanium  carbide  were  consumed,  from  which  fully  dense  ingots  of  titanium  carbide 
solidified.  Both  tiie  hot  pressed  rods  and  the  ingots  produced  were  0.5  inches  in  diameter.  The 
ingots  were  grown  at  a  rate  of  0.5  inches  per  hour.  This  speed  could  not  be  increased  due  to  a 
thermal  cracking  problem  that  was  only  encountered  with  this  cennposition.  The  slow  growth  rate 
resulted  in  the  to.'mation  of  large  grains,  easily  se^  without  magnification. 

TiCiC:  A  modified  float  zone  method  was  used  for  the  production  of  ingots  of  tills  material.  Hot 
pressed  tods  of  stoichiometric  titanium  carbide,  0.75  inches  in  diameter,  wofc  placed  inside 
pwified  graphite  tubes  with  inside  dametors  of  0.75  inches.  The  outside  diameter  cf  the  graphite 
was  machined  down  until  the  weight  per  inch  the  gr  .q^te  rqrresented  1 1  percent  of  the  weight 
per  inch  of  the  titanium  carbide.  The  eutectic  composition  in  this  system  is  stoichiometric  titanium 
carbide  plus  10  weight  percent  carbrai.  Therefore,  by  controlling  tiie  tempmture  of  the  melt  so 
that  a  thin  shell  of  gr^hite  remained  unmelted,  a  eutectic  melt  was  reproducibly  created.  Figure  4 
shows  this  geometry. 
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Rgurc4 

Modified  Float  Zone  Geometry 


The  TIC/C  ingots  woe  grown  at  a  rate  ci  20  inches  per  hour.  Tte  diametra*  of  die  ingots  were 
roughly  0  J  inches  in  diameter.  Cracking  did  not  appear  to  be  a  problem. 

TiCfBIC:  An  idmtical  procedure  was  used  for  die  production  of  these  samples  as  was  used  for  the 
TiCyC  samples.  The  one  weight  percent  boron  was  added  by  coating  the  inside  of  the  graphite 
tubes  with  boron  powder  in  acetone. 

TiC/VCiC:  These  ingots  wm  produced  using  a  variation  cf  die  method  used  for  the  previous  two 
compositicMis.  The  25  mole  pe^nt  vanadium  carbide  was  siqiplied  in  the  form  of  vanadium 
carbic^  powder  placed  arouin  a  hot  pressed  0.5  inch  diameter  titanium  carbide  rod  and  inside  a 
0.75  inch  inner  diameter  graphite  tube.  The  geometry  is  shown  in  Figure  5. 
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TIC/C 


GRAPHITE 

HOT  PRESSED  TIC 

VC  POWDER 


The  eutectic  composition  in  the  SHCVl  VC-cartxm  system  contains  rou^y  five  weight  peiccnt 
carbon.  It  was  not  pracdcal  to  machine  down  dw  grt^hite  tubes  to  only  five  to  six  wei^t  percoit 
of  the  carbide.  The  graphite  tubes  would  be  too  fragile.  Theiefoce,  tubes  weighing  ten  weight 
percent  of  die  carbide  were  vised,  resulting  in  a  difificulty  in  preventing  a  composidon  slig^dy  richer 
in  carbon  than  the  eutectic  fitnn  fmmiog. 

When  0.5  inch  U'ameter  ingots  of  this  onnpositkm  were  produced  at  a  growdi  rate  of  20  inches  per 
hour,  cracks  woe  found  in  the  ingots.  The  reason  for  this  was  probably  die  higher  yield  t.trengA 
of  titanium  carbide/vanadium  carbide  alloys  versus  dtanium  cui^  alone.  Deaeasing  die  diameter 
of  the  ingot  to  0.32  inches  in  diameter  solved  the  cracking  problem. 


Alternate  Fabrication  Methods 

While  the  float  zone  tecliniques  that  art .  ?ir.g  used  in  this  Phase  I  program  are  effective  at 
producing  the  desired  microstnictutes  fo.-  these  composites,  alienate  methods  may  have  ectxiomic 
advantages 

Falnication  methods  in  which  die  melt  is  contained  in  a  (lucible  of  the  same  compositicm  as  die 
melt  repiesent  anodier  altonadve.  The  crucible  would  be  cotded  to  prevent  it  from  meldng.  The 
melt  ccHild  be  created  by  induction  or  by  radiadcHi. 


Task  2:  Optical  Qiaracterizadon  Composite  Mictostruct?irf« 

Optical  and  scanning  electron  microgr^hs  vitere  taken  ci  each  the  thrw  composite  compositions. 

Tltese  are  shown  in  Figures  6  through  1 1. 
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Figiirc? 

Optical  micrograph  of  TiC/C/B(l(X)X) 
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HguieS 

Optical  micrograph  of  TiCyVCyC(lOOX) 


figure  9 

Scanning  Electron  Mioograph  of  TiCyC 
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Hgure  10 

Scanning  Elecoon  Miaognq)h  of  HC/C/B 


Hguie  11 

Scanning  Etoctton  Micrograph  ctf  HCyVC/C 


As  these  mictogri^hs  show,  the  pure  TiCJC  had  die  smallest  gn^hite  precipitates.  The  HOC  and 
HOVOC  compcmtions  were  £fiiily  unifonn  throughout  the  ingots.  The  HOOB  had  both  fine 
and  coarse  predpitates.  It  is  not  clear  why  diis  was  the  case,  since  tire  growth  rates  were  dre  same 
for  all  ctnnpositions. 


Task  3:  Friction  and  Wear  Testing 

lection  and  wear  testing  was  done  at  Southwest  Research  Institute  um^  the  direction  of  Dr. 
James  Lankford.  A  complete  description  of  this  work  is  included  as  an  Appendix  at  die  end  of  this 
report 

Each  of  dre  four  onnpositions  were  tested  for  fiictkm  and  wear  using  a  redprocating  1/4"  diameter 
pin  drawn  acrc»s  a  2"  long  plate  of  hot  pressed  titanium  carbide.  Hve  newtons  df  fonre  woe 
used.  The  redprocation  rate  was  3  cycles  per  second.  Tbepingeonretry  is  shown  in  Figure  12. 


The  first  set  of  tests  peifonned  were  of  10,000  cycles  in  duration,  and  at  temperatures  of 22, 600, 
and900**C  The  raw  data  from  these  tests  are  shown  in  I^guies  13*15.  Someobsen^ons 
indude: 

•  Pure  titanium  caii^  exhibited  dre  lowest  friction  coefitident  at  22X  (as  low  as  0.12). 

•  The  titanium  caiinde/grqihiteooniposiiecompodtion  with  1%  boron  exhibHed  the  lowest 
friction  coefficient  at  900°C  (as  low  as  0. 19). 

•  The  titmiiumcarinde/vanadiumcarbide/grtgihiie  sample  mechanically  frdkd  during  the  9(X)^ 
test. 

Fere  all  figures  contained  in  this  iqxift,  dre  fdlowing  labds  apply: 

T  Pure  titanium  carlnde 

TC  Titanium  carinde/gn^phte 

TBC  Titanium  caibide/gra|diiie/boroo 

TVe  Titanium  carbideA^anadium  carbide/giaphite 
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Figure  13 

Fiiction  Coefficient  Versus  Time  (23°C) 
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Figure  14 

Friction  Coefficient  Versus  Time  (6(X)°C) 


Figure  15 

Friction  Coefficient  Versus  Time  (900°C) 


Wear  rates  were  calculated  using  the  following  formula:  K=V/SW 

where 

W  equals  the  normal  load  at  the  sliding  contact 

S  equals  the  total  distance  slid 
V  equals  the  volume  of  material  worn  away 

Hie  data  for  these  calculations  can  be  found  in  the  attached  Southwest  Research  Institute  report 
Relatively  low  wear  rates  were  exhibited  by  all  of  the  samples  at  23°C: 


Titanium  carbide . 3  x  10'^  mm^/N-m 

Titanium  carbide/graphite . 5  x  lO'^  mm^/N-m 

Titanium carbide/vanadium carbide/graphite . lx  lO'^ mm^/N-m 

Titanium  carbide/boron/graphite . <8  x  lO"^  mm^/N-m 


High  wear  rates  were  exhibited  by  all  compositions  at  600  and  900°C.  The  lowest  value  was 
obtained  with  titanium  carbide/vanadium  carbide/graphite  at  600°C.  It  had  a  wear  rate  of  2  x  lO'S 
mm^/N-m. 
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Originally,  the  plan  was  to  repeat  these  tests  for  durations  of  100  and  1000  cycles  to  better 
understand  the  wear  mechanism,  and  how  it  may  change  widi  time.  Afiter  looking  at  the  initial 
dat^  it  was  determined  that  more  could  be  learned  by  cmiducting  tests  where  temperature  was  a 
variable.  For  example,  a  test  in  which  the  Mction  coefficient  w^d  be  measured  as  the 
temperature  was  being  raised  fiom  25  to  800°C,  then  back  down  to  25*^0.  Hiis  would  indicate 
friction  coefficients  over  a  range  of  temperatures,  and  indicate  if  the  low  temperature  ffiction 
coefficients  are  affected  by  an  800°C  heat  treatment  For  example,  the  ffiction  coefficient  at  room 
temperature  may  be  lowei^  by  oxi^s  tiiat  are  framed  during  ^  high  tempraature  portion  of  the 
test  On  the  other  hand,  the  ffiction  coefficient  at  room  temperature  may  be  increase  if  graphite  is 
oiddized  away  during  the  high  temperature  portion  of  the  test 

Figures  16-19  show  how  the  ffiction  coefficients  varied  as  the  samples  were  raised  from  room 
temperature  to  800°C,  then  back  to  roran  temperature  (the  TiC-VC-C  sample  was  only  taken  to 
600*^0.  As  these  figures  show,  the  ffictirai  coefficients  are  generally  higher  during  cool  down 
versus  during  heat  up.  This  may  be  indicative  of  gr^hite  oxidatirai.  The  pure  titanium  carbide 
sample,  however,  h^  a  tendency  towards  lower  ffiction  coefficients  during  cool  down,  possibly 
due  to  titanium  oxides  being  present  The  fact  that  tiie  titanium  carbide's  ffiction  coefficient 
remained  below  0.31  during  cool  down  from  €0(fC  was  noteworthy. 


Figure  16 

Riction  Coefficient  Versus  CycUc  Temperature  for  Titanium  Carbide 
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Task  4  SEM  analysis  of  Rictitm  and  Wear  Test  Samples 

A  repiesentative  sample  frcrni  each  of  the  three  temperatures  at  which  10,000  cycle  tests  were  run 
was  examined  by  SHM/EDS.  Micrographs  are  included  in  the  attached  Soudiwest  Research 
Institute  Report 

titanium  carbide^hofon/graphite  pin  and  matclung  wear  plate  was  examined  aftCT  the  2$°C, 
10,000  cycle  test  Wear  on  bodi  die  pin  and  the  flat  was  negligible.  Wear^biisconsis^of 
d^um  aiul  meygen  (boron  coidd  not  be  detect^  EEIS).  Ihis  may  be  indicative  of  high  local 

t^p^tures  during  the  test 

The  ti^um  carbide/vanadium  ^irbuk/grophite  {W  and  matching  wear  plate  exhibit  mediate 
wear  after  the  600°C,  10,000  cycle  test  Tte  titanium  carbide  flat  appez^  to  oxidi^  more  than  the 
pin. 

die  titanium  carbide  and  titatiiiim  carbide/bonm/gr^hite  pins  and  imr  pl^s  w^  examined 
after  tte9O0°C  test  Si^iificant  wear  of  pins  and  Oats  occurr^L  The  pure  titanium  carincte  pin 
inodi^d  subsurface  miooftactuie  and  oacks  in  die  wear  tr^k  on  tte  flat  Ihe  pin  containing 
bc»on  and  graphite  had  a  smooth  and  ^azed  wear  back 


Tasks  Compressive  Strength  Testing 

The  values  as  reported  by  Southtvest  Research  Institute  arc  as  follows.  The  second  value  in  each 
table  refers  to  the  stress  at  failure  as  determined  by  acoustic  emission. 

Titanium  carbide/graphite: 


Spec.  No. 

o^(MPa) 

OAfiCMpa) 

1 

16^12 

1174 

2 

1821 

1159 

3 

1916 

1191 

Titanium  carbide/vanadium  carbide/graphite: 


Spec.  No. 

0^(MPa) 

CTAsCMpa) 

1 

1086 

902 

2 

742 

614 

3 

1309 

860 

Titanium  carbide/boron/graphite: 


Spec.  No. 

a^(MPa) 

OAEfMpa) 

1 

822 

610 

2 

897 

700 

3 

1013 

859 

This  data  indicates  an  inverse  reladonship  between  precipitate  size  and  compressive  strength. 
Processing  changes  could  improve  comi^ssive  strength  by  decreasing  precipitate  size. 


3.  Technical  Feasibility 

Hiis  program  showed  that  titanium  carbide  based  materials  can  give  fiicti(Mi  and  wear  behavior  that 
is  hi^y  ccmipetitive  with  other  coamic  materials  now  being  considered  for  frictitMi  and  wear 
applications  (see  Figure  20).  This  was  shown  in  spite  of  the  fact  that  only  a  few  of  many  possible 
compositions  were  tried. 
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Figure  20 

Friction  Coefficients  of  various  Materials  in  Gontaa  with  Themselves  (10) 

The  approach  of  putting  grf^hite  precipitates  into  refiractofy  caibide  matrices  did  not  lower  friction 
and  wear  under  Ae  ccmditions  tested.  However,  changing  the  load,  the  sliding  speed  of  the 
friction  couple,  tl^  material  of  the  wear  flat,  or  the  atmosphere  und»  which  tte  test  is  conducted 
could  greatly  aJETect  the  results.  Under  the  test  conditions  of  this  program  it  appears  that  the  grain 
refinement  caused  by  the  presence  of  graphite  precipitates  may  have  increased  the  friction 
coefficients  at  low  temperatures.  Grain  boundary  areas  have  higher  surface  ener^  which  can 
translate  into  higho-  friction  behavior  (see  Figure  21).  Therefore,  it  is  quite  conceivable  that  fine 
grained  pure  titanium  carbide  would  have  friction  and  wear  behavior  that  would  be  inferior  to  any 
of  the  compositions  tested  in  this  Phase  I  program. 

Another  composition  that  can  easily  be  prepared  from  a  melt  and  which  could  possibly  provide  a 
lower  friction  coefficient  under  this  Phase  I  program's  craiditions  would  be  a  titanium 
carbide/dtanium  diboride  composite.  Titanium  ^boride  semicdioent  precipitates  can  be  formed  in 
single  crystal  dtanium  carbide.  The  benefits  of  boron  oxide  high  temperature  lubricadon  could  be 
obtained  without  significandy  increasing  the  material's  surface  energy. 

Composidons  that  include  nitrogen  may  have  dtaiuum  nitride  or  boron  nitride  phases,  both  of 
which  could  have  a  favraable  impact  (xi  the  fincdon  and  wear  behavitx’  of  the  composite.  Titanium 
carbide/dtanium  nitride  solid  soludons  can  be  frxmed.  . 

The  compressive  strength  of  the  dtanium  carbide  compodtes  tested  was  not  excepdonal,  but  was 
certainly  adequate  for  most  applicadcms.  Gr^  and  pr^pitate  size  qpdmizadon  could  gready 
affect  the  numbers  obtained. 

The  oxidadon  resistance  of  dtanium  carbide  appeared  to  be  sufficient  during  the  Phase  I  tests.  The 
addidon  of  more  boron  could  further  improve  oxidadon  resistance. 
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Figure  21 

The  Friction  G)efficient  of  Single  Otystal  Copper  Sliding  Against  Polycrystalline  Copper  (10) 


In  summary,  titanium  carbide  based  materials  offer  a  great  deal  of  flexibility  in  terms  of  possible 
composite  compositions,  all  of  which  can  be  prepared  fiom  a  melt  Further  development  in  this 
area  would  entail  selecting  a  specific  applicadmi  and  performing  fiictitm  and  wear  tests  to  cqrrimize 
behavior  under  those  loa^  atmosphere,  and  sliding  speed  concStions. 


5.  Point  of  Contact 
Report  Prepared  by: 

Del  Cummings 

Advanced  Technology  Materials,  Inc. 
7  Commerce  Drive 
Danbury,  CT  06810 
(203)794-1100 
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Mr.  Del  Cuimnings 

Advanced  Technology  Materials,  bic 
S20-B  Danbury  Road 
New  Milford,  CT  06776 

Subject:  SwRI  Project  06-4431 

"Evaluation  of  Titanium  Carbide/Graphite  Composites" 

FINAL  REPORT 


Dear  Del: 

This  letter  constitutes  our  formal  final  report  on  the  above  referenced  project.  Work  per¬ 
formed  included  friction  and  wear  testing  of  several  TiC-based  ceramic  composites,  as  well  as 
compression  testing  of  three  of  the  materi^.  The  bulk  of  the  results,  in  graphic^  and  tabular  form, 
are  included  in  a  series  of  Appendices,  with  the  body  of  the  report  devoted  to  a  description  of  the 
test  procedures,  followed  by  a  summary  and  critical  discussion  of  the  results. 

Experimental  Procedures 

Materials  for  testing  were  provided  by  the  sponsor  in  the  form  of  pins  and  flats  for  recipro¬ 
cating  pin-or-disk  testing,  and  cylindrical  specimens  for  compression  testing.  Flats  were  com¬ 
posed  of  hot-pressed  TiC  carbide  (T),  while  pins  consisted  of  TiC;  TiCygraphite  (TC); 
TiC/VCVgraphite  (TVC);  and  TiCTB/graphite  (TBC).  Ctompression  specimens  were  composed  of 
TC,TVC,orTBC. 

Baseline  friction  and  wear  tests  were  performed  at  a  fiequency  of  3  Hz,  using  a  load  on  Ae 
pin  of  5N,  and  at  temperatures  of  23,  600,  or  900*C  for  10,000  cycles.  Severe  microcracking 
prcblems  were  encountered  with  TVC  at  ^*C,  but  successful  elevated  temperature  runs  were 
acconq)lished  at  600*C.  In  addition  to  these  tests,  a  series  of  exf^riments  were  performed  in  which 
temperature  was  ramped  up  in  200*C  increments,  with  the  fiiction  coefficient  established  over  30 
minutes  at  23, 200, 400,  and  800*C,  followed  by  a  reversal  of  the  sequence  back  to  room 
temp^ture. 

During  the  experimental  runs,  the  friction  coefficient  (it)  was  monitored  continuously.  Data 
suitable  for  computing  wear  rates  was  generated  by  profilometry  of  baseline  wear  tracks  at  the  end 
of  the  test  period.  Thus,  representative  wear  in  the  flat  can  be  computed  in  terms  of  the 
inofilometry-detived  wear  cross-section,  the  length  of  the  wear  track  (12  cm),  and  the  density  of 
the  TiC. 

After  testing,  selected  pins  and  flats  were  characterized  by  scanning  electron  microscopy 
(SEM)  and  energy  dispersive  spectroscopy  (EDS).  It  should  be  noted  that  due  to  its  low  atomic 
numbi^,  B  cannot  be  detected  by  means  of  EDS. 
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All  compression  tests  were  performed  under  ambient  conditions  at  a  strain  rate  of  3.3  x 
lO'V*.  High  strength  alumina  platens  were  used  n>  transfer  the  load  from  the  ram  to  the  san^lcs. 
Acoustic  emission  was  used  to  monitor  the  onset  of  microfi'acture  leading  to  eventual  failure. 

Pigcus^OT  oLRttiilta 

The  effect  of  temperature  (T)  on  the  fricdon  coefficient  Oi)  of  each  material  is  summarized 
in  Figures  1  -  3  for  T  s  23, 600,  and  900*C,  respectively.  From  ambient  conditions  to  600'C,  the 
lowest  vdues  of  p,  (0.15  -  0.21)  are  obtained  for  case  T,  i.e.,  TiC  pin  on  TiC  flat  However,  at 
900*C  (Hgure  3),  TBC  is  superior,  with  an  average  friction  coefficient  of  about  0.2. 

The  relative  reversibili^  of  during  heating  and  cooling  is  shown  for  each  pin  material  in 
ingures  4-7.  The  results  indicate  that  is  essentially  reverie  for  each  material. 

Wear  behavior  on  flats  (see  ptofilometiy  within  Appendices)  with  a  few  exceptions,  sup¬ 
ported  the  friction  results.  In  i^cnlar,  at  23*C,  very  low  wear  was  observed  for  T,  in  agreement 
widi  its  low  p.  value.  However,  TBC  exhibited  basically  no  wear  at  23*C,  and  wear  of  TC  was 
barely  visible. 

At  600*C,  flat  wear  was  heavy  for  all  couples,  with  the  exception  of  TVC.  Rather  surpris¬ 
ingly,  this  material  (at  this  tenqieratute)  had  the  highest  friction  coefficient  (Hgure  2). 

Hrudly,  at 900*C  the  best  (flat)  wear  resistance  was  obtained  using  T  pins.  The  TVC  material 
virtually  dismtegcated  at  this  tempetatuie. 

SEM/^S  work  (Appendices)  performed  on  some  of  the  pins  and  flats  provides  some  insight 
as  to  operative  wear  medfanisms.  Elevated  temperature  res^nse  was  emphasized,  although  a 
rqnesentative  ambient  case  was  characterized. 

In  the  latter  instance,  TBC  was  considered.  It  was  found  that  the  wear  spot  on  the  pin  was 
exceptionally  small,  comiiiensutate  with  the  essentially  unmeasurable  wear  measured  on  the  flat 
Areas  witii  im  witiioot  the  spot,  including  delais  fixxn  the  pin,  were  determined  by  EDS  to  consist 
of  Ti  and  as  noted  earlier,  the  EDS  system  will  not  dkect  B.  The  presence  of  considerable 
oxygen  outside,  but  near  the  wear  spot,  suggests  the  generation  of  high  local  temperatures. 

At  6(X)*C,  TVC  pins  had  a  surprisingly  large  wear  spot  and  associated  volume  of  debris, 
considoing  the  relatively  moderate  mt  wear.  Ciracldng,  possibly  of  oxide  lavors,  was  observed 
within  the  wear  spot  on  the  pin;  no  such  cracking  was  observed  on  the  wear  track  of  the  mating  flat 
Spectroscopy  indicated  V  deletion  within  the  wear  spot  itself,  but  V  was  adjacent  to  the  spot  and 
with  the  associated  ddnis.  Titanium  and  either  O  or  V  were  found  on  the  wear  spot  and  in  tiie 
debris,  but  no  oxygen  was  detected  on  the  pin  away  from  the  spot  This  suggests  that  the  0/V 
uncertain^  probttitiy  involved  V,  and  that  O  was  not  present  In  the  case  of  the  mating  flat  smne 
Ti  and  O  was  observed  in  the  debris;  it  thus  {q>pears  that  the  flat  oxidized,  and  that  the  pin  may  not 
have  done  so. 

AtPOO'C,  the  Tpins  exhibited  both  wear,  wear  debris,  and  cracking.  The  same  was  observed 
for  the  mating  flats;  in  aU  instances  (within  a^  without  wear  spot  and  wear  tracks)  the  material 
consisted  of  oxidized  Ti.  The  path  of  the  cracks,  oriented  nonnal  to  the  diversion  of  pin  motion, 
was  unaffected  by  the  presence  of  oxide  particles.  The  material  in  the  (flat)  wear  track  seems  to 
fail  by  subsurface  microfracture  with  subsequent  delamination  of  oxide  particles. 
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Also  at  900*C,  TBC  exhibited  pin  and  flat  wear  with  associated  debris;  everywhere  the 
apparent  chemistry  was  oxidized  titanium  (B  probably  was  present  in  pin  debris).  No  cracking  in 
eiAer  pin  or  flat  was  observed,  and  the  oxide  layers  on  the  flats  were  smooth  and  glazed  in 
appearance.  They  apparently  fail  by  subsurface  delamination,  accounting  for  the  measu^  wear. 

Summary 

A  number  of  interesting  data  have  been  obtained,  but  results  are  not  conclusive  in  favor  of 
the  composite  approach  which  was  implemented.  In  the  future,  it  would  be  helpful  to  fabricate  the 
flats  in  the  composite  form,  rather  than  the  pins,  to  facilitate  lubrication  via  oxide  transfer  from 
substrate  to  pin,  ladier  than  vice  versa. 

The  graphite  component  apparently  provided  little  lubrication  per  se,  probably  because  the 
ophite  particles  were  not  preferentially  oriented  for  sliding  parallel  to  the  pin  motion.  On  the 
other  hand,  the  apparent  lack  of  oxidation  of  the  TVC  material  was  puzzling,  and  may  deserve 
Anther  study — wear  of  TVC  at  600'C  was  extremely  low,  despite  its  fection  coefficient  of 0.4. 

I  hope  you  find  this  report  informative  and  helpful  in  your  efforts  to  obtain  Phase  II  support 
I  have  appreciated  this  oppcotunity  to  support  your  materials  development  program,  and  look  for¬ 
ward  to  further  collaboration.  Please  call  me  should  you  have  any  questions. 


JL:llr 

DAMS\LAiaCP0IUM431FIUXX; 


(x::  G.  R.  Levetant 
U.  S.  Lindholm 
B.  J.  Andrews 


APPROVED: 


^  — 

Gerald  R.  Leveret,  Director 

Materials  &  Mechanics  Department 


Figure  1.  Riction  coefficient  versus  time,  23*C. 
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Figure  2.  Riction  coefficient  versus  time,  600*C. 
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Rgure  3.  Friction  coefficient  versus  time,  900*C. 


Figures.  Friction  coefificient  ver.  cyclic  temperature,  TC. 


Figure  6.  Friction  coefficient  versus  cyclic  temperature,  TVC. 


Figure  7.  Fricdon  coefficient  versus  cyclic  temperature,  TBC. 


PIN  MATERIAL  T 
23°C 


(uni)  iMSpH 


Distance  (mm) 


MATERIAL  T 
600“C 


(uiTi)  iqSidH  /Cipadsy 


Distance  (mm) 


PIN  MATERIAL  T 
900°C 


Distance  (mm) 


52073 

20X 

52072 

Wear  spot  on  pin. 

Wear  spot  on  pin. 

75X 


52076 


400X 

Wear  spot  and  debris. 


D\MSMAS'IQ’OK1M4}|.F100C 


Wear  track  on  flat. 


lOOX 


DAMSVlANKFORrM43l-P2I>OC 


XpXjBHirtrttlEjSfU 


Sef'ies  II  Southwest  Research  Institute 
Cuhsoh!  0.0i0keV  =  0 


THU  i7-0CT-9i  13! 15 


I— 


PIN  MATERIAL  TC 
23°C 


Distance  (ram) 


PIN  MATERIAL  TC 
600T 


(lUTi)  jqSpH  /^Juadsy 


Distance  (mm) 


PEST  MATERIAL  TC 
900°C 


(uitI)  mSpH  /Cjusdsy 


Distance  (mm) 


o 


(uitI) 


PIN  MATERIAL  TVC 
600°C 


o 


u~t 


(uirl)  jqSpH  >^Jp9dsv 


52092  lOOOX  52095  400X 

Oxide  cracking  within  wear  spot  (pin).  Interface  between  wear  spot  (pin  and  debris. 


D:\MS\LAN'KPORJ>4431.P2JXX: 


52093 


500X 

Outside  wear  spot  (pin). 


52094  5000X 

Outside  wear  spot  (pin). 


D;\MS^ANKFOREM43l-nXKX: 


52096  30X  52097  lOOX 

Wear  track  on  flat.  Wear  track  on  flat. 


52099  600X  52098  lOOOX 

Inside  wear  track.  Inside  wear  track. 


D.VMS\LANKF0REM431F1D0C 


SQ:  QUANTIFY 


TVC5  PIN  (AWAY  FROM  WEAR  SPOT)  20KV  WD19 
Standardl ess  Analysis 
2©,.@  KV  36.3  Degrees 


Chi“sqd 

-j. 

El ement 

Rel  .  K 

-!-‘'at  i  D 

i'iet 

Counts 

Ti 

0.55644  +/- 

0  .0036'^'- 

103701 

+/-  67‘ 

0.43992  +/- 

0 . 00352 

73120 

+/-  50 

Si-K 

0.00363  +/- 

0 .00060 

97S 

+/-  16 

ZAT  Cnri'-ect  3  on  2@.0@  iiV  36.3©  d^g 
Nc'.fj-f  Iterations  =  1 


El  eroent 

K -rat  i  0 

z 

A 

F 

AtomZ 

Wt% 

T  i  -K 

0 ..  555 

0 

.792 

1  .004 

'  .000 

56 . 53 

55.25 

V  -K 

0.438 

1 

.012 

0 . 997 

1  .000 

42.55 

44,22 

r  : i;' 

N't  t  •, 

0.004 

0 

.892 

1  .652 

0  .996 

0.93 
Tcjta  1  = 

0.53 
1 00 . 00 

Series  II  Southwest  Research  Institute  FRI  lS-0CT-9i  i0’.31 
Cursors  0 . 000KeV  =  0 


1 ,30 


0 . 000 


:crs  =  4096 


-i4  “LPT  -^VC  CDEBRIS:'  E0Ky  WD=20 


Series  II  i:outf',west  R&sea.f-ch  Iristiti^te 
Cur-sor-J  0.0©I;keV  =  0 


crp  T  i  p, -ry~  T  _p  1 


0.000 

139 


#14  FLRT  TVC  CDEBRIS> 


10KV  UTW 


5 


PIN  MATERIAL  TBC 


23°C 


(uitI)  iqSpH  Apgdsv 


wm. 


51892 


Wear  spot  and  debris. 


400X  51893  400X 

Backscattered  electron  image  of  wear  spot  and  debris. 


DAMS'M.VICFOREM4)I.P2J>OC 


Sei"ies  II  Southwest  Research  institute 

Cui^sch:  0.000Key  =  0 


FHU  03 “OCT -91  13:08 


VPS  =  4096  5.130 

TIBC-1  WERR  SPOT  DESRIS  i0KV 


Series  II  Southwest  Research  Institute 
Cu.^'sor- :  0 . 000KeV  =  0 


THU  03 -OCT “91  13:15 


Sehies  II  Southwest  Research  Institute 
Cursor:  0.000KeV  =  0 


THU  03-OCT-9i 


0.000  V“S  =  4096 

115  TIBC-i  OUTSIDE  WERR  SPOT  C  JTW!)  i0KV 


PIN  MATERIAL  TBC 
600“C 


(uitI)  jqSiQH  /Ciuadsy 


Distance  (mm) 


PIN  MATERIAL  TBC 
900°C 


Distance  (mm) 


DiVMS4JUnCPOREM431-F2DOC 


Wear  spot  on  pin.  Backscatter  electron  image  of  wear  spot  on  pin, 


51901  400X 

Interface  between  wear  spot  and  debris. 


D\MSVLA.VKroRIM431.FZDOC 


W  V  -r 


Series  II  bout-hwest-  Research  Ins^i^u■te 
CuJ'soh;  0.000keV  =  0 


TH.U  03 -OCT -91  14:13 


0.000 

123 


VFS  =  4096  5.120 

TIBC-2  INSIDE  NERR  SPOT  CUTN)  10KV 


Series  II  Southwest  Research  Institut 
Cursor !  0 . 000KeV  =  0 


THU  03-OCT-91  1 


) 

Selbies  II  Southwest  Research  Institute 
Cursor:  0.000keV  =  0 


© .  000 


VFS  =  4096 


153 


TIBC2/S  OUTSIDE  HERR  TRRCK  CUTW>  10KV 


